Introduction
Dimethyl ether (DME) is a promising clean fuel for compression ignition (CI) engines. DME's high cetane number and easy vaporization also make it a potential fuel candidate for homogeneous charge compression ignition (HCCI) engines [1] . DME-fueled engines have the potential to significantly reduce CO and soot emission levels because of the presence of oxygen in the DME molecule (CH 3 -O-CH 3 ) and the absence of a carbon-carbon bond [2, 3] . Despite the potential of DME Coriton et al.
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3 as a clean fuel, appropriate combustion technologies must be developed and a fundamental understanding of the interplay between DME chemistry and turbulence is required.
Turbulent jet flames provide a canonical geometry for the study of turbulence-flame interactions and have been used in the development and testing of turbulent combustion models. Within the context of the International Workshop on Measurements and Computation of Turbulent Non-Premixed Flames (TNF) [4] , piloted methane/air jet flames (Sandia flames C-to-F) spanning Reynolds number of approximately 13,000 to 43,000 have been used extensively for experimental studies (e.g. [5, 6] ) and for model development (e.g. [7, 8] ). DME flames represent a step forward in chemical complexity and a good starting point for systematic studies of turbulent flames with oxygenated fuels.
The present study is a joint experimental and computational investigation of the structure of a piloted, partially-premixed turbulent DME/air jet flame with respect to the OH and CH 2 O fields. In DME combustion, the production of CH 2 O is directly linked to the fuel consumption pathway, which can result in significantly different distributions of CH 2 O in DME jet flames than in methane jet flames [9] . We investigate the ability of an intermediate-resolution LES calculation to capture the distributions of CH 2 O and OH, and we compare results of simulations using two different chemical mechanisms for DME combustion.
The turbulent partially-premixed DME/air jet flame with a jet exit Reynolds number of 29,300 is analogous to the well-studied CH 4 /air Sandia Flame D [4, 5] with identical bulk jet exit velocity, V bulk , of 45.9 m/s and stoichiometric mixture fraction, ξ st , of 0.35. Recently, Fuest et al. [10] discussed the diagnostics challenges of Raman/Rayleigh scattering measurements in DME flames. In the present study, we use laser-induced fluorescence (LIF) imaging to measure the topology of the OH and CH 2 O fields complemented by stereoscopic particle image velocimetry (SPIV) measurements of the velocity field.
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The turbulent DME/air jet flame is simulated using a large eddy simulation combined with conditional moment closure, LES-CMC. LES resolves the largest turbulent structures and relies on modeling of the unresolved sub-grid scales. The LES approach has been successfully used to model the related CH 4 /air piloted jet flame series employing various different turbulent combustion models by, among others, Refs. [8, 11] . CMC is based on the notion that fluctuations of the reacting scalars are closely linked to the fluctuations of a small set of scalar reference variables [12] . For non-premixed flames, the mixture fraction is commonly used as the reference variable. LES-CMC was successfully used to predict a number of gas flames [13] [14] [15] and was recently extended to multi-phase combustion [16, 17] . A previous application of LES-CMC to the piloted CH 4 /air flame series was reported by Navarro-Martinez et al. [18] , where good agreement with the experimental data was found and closure models for the unclosed terms in the LES-CMC equations were proposed. In the present study, the previously employed LES-CMC model is used without modification of any of the sub-models or model parameters, and applied to the piloted DME/air jet flame to test its predictive capability under modified combustion chemistry.
Experimental Methods
Piloted Jet Burner and Experimental Conditions
The partially-premixed DME/air flame was stabilized on a piloted jet burner with a jet diameter of 7.45 mm, a pilot annulus of 18.2 mm and a coflow diameter of 254 mm. The jet mixture was composed of a 4:1 volume ratio of air to DME and was injected at a flow rate of 120 LPM at 294K. The annular pilot reactant mixture of equivalence ratio = 0.6 was composed of 0. surrounded with an air coflow with an initial velocity of 0.9 m/s, which was monitored using a hot-film anemometer.
Stereo Particle Image Velocimetry (SPIV)
The SPIV system consisted of a dual-head Nd:YAG laser that provided a pair of laser pulses Velocity vectors were calculated using an iterative cross-correlation processing algorithm with a final interrogation window size of 32x32 px 2 and 50% overlap, resulting in a vector spacing of 237μm.
A universal outlier detection algorithm was used to eliminate spurious vectors that were discarded in the computation of the velocity statistics. No smoothing was applied to the instantaneous velocity vector fields.
Simultaneous OH-LIF and CH 2 O-LIF Imaging
Laser-induced fluorescence of OH was excited by the frequency doubled output of a Nd:YAGpumped dye laser tuned to the Q 1 (6) The CH 2 O-LIF and OH-LIF images were filtered using 3x3px 2 Gaussian smoothing kernel.
Numerical Methods
LES-CMC Modeling
Combustion was modeled by coupling the CMC method with LES, as described in Ref. [18] , with the CMC grid coarser than the LES mesh. The conditional moments of the reacting species mass 7 fractions and enthalpy were solved conditional on mixture fraction. LES-CMC requires a number of closure assumptions. Following Ref. [18] , the shape of the filtered-density function (FDF) was presumed to be a β-function and the conditional fluctuations were assumed to be negligible in the modeling of the conditional reaction source terms (first-order CMC). The conditionally-filtered scalar dissipation, velocity, and diffusivity required in the CMC equations were modeled as simple ensemble averages of the filtered dissipation, velocity and turbulent diffusivity, conditioned on filtered mixture fraction within a CMC cell. DME/air combustion chemistry was represented by two different reaction mechanisms, namely Fischer/Kaiser et al. [19, 20] consisting of 78 species and 351 reactions and Zhao et al. [21] employing 55 species and 290 reactions. These two mechanisms are referred to as Kaiser and Zhao mechanisms, respectively.
A density-weighted Favre-filter was used to derive the filtered Navier-Stokes equations. The subgrid stresses were modeled based on the eddy viscosity approach and the turbulent viscosity was modeled using Smagorinsky's model with the model constant adjusted dynamically [22] . To account for turbulent mixing between fuel and oxidizer, we solved an additional mixture fraction transport equation solved with the subgrid scalar flux modelled by assuming gradient diffusion and a turbulent Schmidt number of 0.4. The in-house LES-CMC code BOFFIN was used for the simulations. BOFFIN uses the finite-volume method to solve the governing equations, where the mass and momentum equations are discretized by second-order central differences, whereas the convective transport of the bounded scalars is discretized by a total variation diminished (TVD) scheme and time integration is of second order. A SIMPLE-type predictor-corrector procedure with pressure smoothing is employed and the governing variables are stored at the cell centers (co-located grid). Further details on the code can be found in Ref. [23] .
A stretched Cartesian mesh was employed, where the computational domain of 10Dx10D at the inlet plane was expanded towards the domain outlet to account for the radial jet spreading. [24] , which required a nominal integral length scale and Reynolds-stress tensor.
The integral scale was set to 0.25D and the Reynolds-stress tensor was set to match the mean and rootmean-squared (RMS) axial velocity profiles that were measured 1 mm above the nozzle exit. With this constraint of matching the velocity RMS profile at the most upstream measurement location, the turbulent evolution along the jet is mainly governed by the resolved shear, and the jet break-up can be captured well. Coflow inflow conditions were matched to the experiments and a zero-gradient boundary condition was set at the exit plane. The simulations were run in parallel using MPI for approximately 4 weeks on 48 AMD-Opteron cores to achieve statistical convergence.
Simulation of LIF Signals
Conversion of the OH-LIF and CH 2 O-LIF signals into species concentrations was not performed since it would have required simultaneous measurements of temperature and major species concentrations, which were unavailable in the present experiments. Instead, the LIF measurements were were calculated using Asyrot spectral simulation software [26] . For the quenching rate calculations, we compared two different models for the temperature dependence of quenching cross-sections. In one model, the quenching cross-sections of all species were considered to be independent of temperature, and in the second model a power law of was used [27] . An example of the predicted CH 2 O-LIF signals using the dependence of quenching cross-sections is shown in Fig. 1 
Results and Discussion
Velocity Statistics
OH and CH 2 O Field Statistics
The downstream evolution of the measured and computed radial profiles of OH-LIF and CH 2 The most noticeable difference between the CH 2 O-LIF profiles using the different mechanisms is that the Zhao mechanism predicts a factor of approximately two higher peak CH 2 O-LIF signals at all axial locations. This difference is not an artifact of comparing simulated LIF signals since a similar discrepancy is also observed in the LES predictions of CH 2 O mole fractions using the two mechanisms (not shown).
The laminar flame calculations in Fig. 1 also show a discrepancy between the mechanisms. This discrepancy may stem from a difference between the relative contributions of unimolecular decomposition and the abstraction of a hydrogen atom from DME in the fuel consumption pathway of each mechanism. A reaction pathway analysis from the laminar flame calculations shows that the dominant production reaction for formaldehyde in both mechanisms is the decomposition of the methoxy-methyl radical via the reaction C 3 C 2 = C 2 C 3 . The production of the methoxymethyl radical from DME proceeds via abstraction of a hydrogen atom by reactions of DME with radicals, such as H, OH, O, CH 3 . For both mechanisms, the dominant hydrogen atom abstraction reaction is DME = C 3 C 2 2 . However, the second most important DME consumption reaction differs for each mechanism. For the Kaiser mechanism, the second most important reaction is the unimolecular decomposition of DME via the reaction DME = C 3 C 3 . In contrast, the second most important reaction for the Zhao mechanism is hydrogen abstraction via DME C 3 = C 3 C 2 C . As a result, the production of the methoxy-methyl radical and subsequently formaldehyde may be enhanced in the Zhao mechanism.
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Structural Analysis of OH and CH 2 O Distributions
A reaction rate analysis of formaldehyde consumption shows that the second most significant consumption reaction is C 2 = C 2 , with the first and third most significant being reactions of formaldehyde with atomic hydrogen and methyl radicals, respectively. The laminar flame calculations in Fig. 1 show that the tails of the formaldehyde and OH distributions slightly overlap in the region where formaldehyde is consumed. In contrast, the single-shot measurements and the LES realization in Fig. 2 show that there can be wide separations between the OH layer and the outer 
Conclusions
A joint experimental and computational study of a piloted, turbulent partially-premixed DME/air jet flame at a jet exit Reynolds number of 29,300 and a stoichiometric mixture fraction of 0.35 was performed with a focus on comparing the velocity, CH 2 O, and OH fields. Velocity measurements were performed using stereo particle image velocimetry, and CH 2 O and OH were imaged using laser-induced 
